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Improved Induction of Melanoma-Reactive CTL with Peptides 
from the Melanoma Antigen gplOO Modified at 
H L A- A*0201 -Binding Residues 

Maria R. Parkhurst, 1 * Michael L. Salgaller,* Scott Southwood,* Paul F. Robbins,* 
Alessandro Sette/ Steven A. Rosenberg,* and Yutaka Kawakanii* 

Recognition of the melanoma Ag gplOO by tumor-infiltrating lymphocytes (TIL) in vitro has been correlated with tumor re- 
gression in patients with metastatic melanoma treated with the adoptive transfer of TIL plus IL-2- Three common gplOO epitopes 
have been identified that are recognized in the context of HLA-A2 by TIL from different patients: G9 1S4 (KTWGQYWQV), 
(ITOQVPFSV), and GS^o (YLCPGPVTA). Upon stimulation with these peptides, mdanoma-reactive CTL could be induced in 
vitro from PBL of some HLA-A2* melanoma patients. However, numerous restimulations were required, and specific reactivity 
could not be generated in many patients. Therefore, to enhance the immunogenicity of gp1 00 peptides, amino acid substitutions 
were introduced into C9 TM , G9 299 , and G9 2to at HLA-A+0201 -binding anchor positions! but not at TCR contact residues, to 
increase peptide class I MHC-binding affinity* Several modified gplOO peptides bound with greater affinity to HLA-A*0201 than 
unmodified peptides and were recognized by TIL specific for the natural epitopes. These peptides were used to sensitize PBL 
from HLA-A2* melanoma patients in vitro using peptide-pubed autologous PBMC as stimulators. After five weekly restimula- 
tions with either the native G9 209 or G9 2SO peptide, melanoma-reactive CTL could only be induced from two of seven patients. 
However, amino acid substitutions in these peptides enabled the induction of melanoma-reactive CTL from aB seven patients. 
These results suggest that modified gplOO peptides may be more immunogenic than the native epitopes, and may be useful m 
immunotherapy protocols for patients with melanoma. The Journal of Immunology, 1996, 157: 2539-2548. 



Clinical evidence strongly suggests that T lymphocytes 
play a significant role in the regression of melanoma in 
vivo. In a previous clinical investigation, Ihe adoptive 
transfer of cultured T cells from tumor-infiltrating lymphocytes 
(TIL) 2 with IL-2 resulted in tumor regression (complete and partial 
responses) in 30 to 40% of patients with metastatic melanoma 
(1-3). In vitro many TIL recognize autologous melanoma cells, as 
well as allogeneic melanomas and melanocytes that share partic- 
ular class I MHC molecules (4-9). In addition, six Ags have been 
identified that are recognized by TIL [hat mediated tumor regres- 
sion when transferred adoptively into autologous patients with 
1L-2: four melanosomal proteins (MART-1 (10, 11), gplOO (12, 
13), tyrosinase (14, 15), and TOP- 1 (16)), and two other proteins 
(pi 5 (17) and 0 catenin (18)). Therefore, class I MHC-restricted 
recognition of epitopes from these Ags may be involved in medi- 
ating tumor rejection. 

A significant correlation between T cell recognition in vitro and 
tumor regression in patients receiving TIL therapy has been dem- 
onstrated for the HLA-A2-restricted melanoma Ag, gplOO (19). 
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suggesting that this protein may be a potent tumor rejection Ag. 
gplOO is a melanocyte lineage-specific membrane glycoprotein 
consisting of 661 amino acids, and is expressed in most melanoma 
cells (13). This protein is recognized by 8 of approximately 20 
HLA-A2-rextricted melanoma- reactive TIL established in our lab- 
oratory. Five T cell epitopes have been identified in gplOO, and 
three of these are common immunogenic epitopes recognized by 
TIL derived from different patients (19-21): G9 l54 (KTWGQYW 
QV), G9J09 (ITDQVPFS V), and G9 2W> (YLEPGPVTA). As a pre- 
liminary evaluation of Ihe use of gplOO peptides in melanoma 
vaccine strategies, several of these peptides were used to induce 
CTL in vitro from PBL of HLA-A2" melanoma patients (22). 
Melanoma reactivity was observed by T cells sensitized with four 
gplOO peptides; however, with a given peptide, melanoma-reactive 
CTL could only be induced in a limited number of patients, and 
numerous restimulations of responding lymphocytes were required 
to generate melanoma reactivity. These findings prompted the cur- 
rent investigation aimed at enhancing the immunogenicity of pep- 
tides derived from gplOO. 

A correlation has been demonstrated between immunogenicity 
and peptide- binding affinity to class I MHC molecules for epitopes 
from viral Ags (23-25). Of the five known gplOO epitopes, three 
bind to purified HLA-A*O201 molecules with intermediate affin- 
ity, and two bind with high affinity (19). Thus, at (east for gp 100 
peptides with intermediate binding affinity, it seemed possible lo 
enhance immunogenicity by making conservative modifications 
that increased HLA-A*0201 -binding affinity. 

By sequencing pooled peptides isolated from class I MHC mol- 
ecules on a variety of cells, binding motifs have been defined that 
correlate high peptide-binding affinity to the predominance of cer- 
tain amino acids at particular positions in peptide sequences (26- 
32). For example, for HIA-A*020l, leucine (L) and methionine 
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(M) are most frequently isolated at the second position from the 
amino terminus (P2), and valine (V) is predominant at P9. Each of 
the three common epitopes from gpICO contains a dominant res- 
idue at one, but not both, primary HLA- A "020 1 -binding anchor 
positions: G9 I54 and contain V at P9 but threonine (T) at P2, 
and G9 2 go contains L at P2 but alanine (A) at P9. In previous 
studies using peptides from viral Ags, amino acid substitutions at 
primary and secondary class I MHC-binding anchor positions en- 
hanced the iramunogenicity of peptides against the native protein 
(33. 34). Therefore, although gp 100 is a nonmutated self protein* 
it seemed possible that analogous amino acid substitutions might 
enhance the abilily of peptides from this Ag to induce 
melanoma-reactive CTL. 

In the current study, single and double amino acid substitutions 
were introduced into the three common epitopes from gplOO 
(G9 l54 , G9 209 , and G9 280 ) at HLA-A°0201 -binding anchor posi- 
tions. Several modified gplOO peptides bound to HLA~A*0201 
with greater affinity than unmodified peptides and were recognized 
by TIL specific for the native epitopes. With several modified 
gplOO peptides (G9 209 2M, 1F2L, and G^o ° v )> melano- 

ma-reactive CTL were induced from PEL of HLA-A2* melanoma 
patients in vitro more efficiently than with the natural peptides. 
These results demonstrate a relationship between immunogenicity 
and MHC-binding affinity for peptides from nonmutated self pro- 
teins. Furthermore, a new approach is suggested to improve the 
effectiveness of immunotherapy in patients with melanoma using 
modified peptides from tumor Ags, 

Cultured ceil fines 

Melanoma-specific T cell lines were established from TIL, as previously 
described <10> 35). Several of these TDL recognize gplOO epitopes in the 
context of HLA-A2 (19-21) and were used in the work presented here: TIL 
1 2C0 (specific for 09 , „), TIL 620 {09^), and TIL 660 and II 43 (G9 aso ). 

Two melanoma lines, 624 mel (HLA-A2\ gpH00 + ) and 397 mel 
(HLA-A2~, gplOO*), were established in our laboratory (36); and clones 
of 624 mel. 624.38 (HLA-A2\ gplOO*). and 624.28 (HLA-A2', gplOO*) 
were generated by a limiting dilution method (37). The melanoma line 
5KmeJ23 (HLA-A2*, gplOO*) was kindly provided by Thierry Boon 
(Ludwig Institute for Cancer Research, Brussels, Belgium). All tumor Lines 
and T2 cells (HLA-A2 ' peptide transporter associated protein-dehcient 
T-B cell hybrid) (38) were oil aired in RPfcfl 1640 supplemented with 10% 
heat-inacdvated fetal bovine serum (Biofluids, Rockville, MD). 

Peptide synthesis and evaluation of binding affinity to 
HLA-A*O201 

Three nonapeptides from gplOO were identified previously as common 
immunogenic epitopes recognized by TIL from several HLA-A2* patients 
with metastatic melanoma (19-21): G9 IS4 (KTWGQYWQV), 
(1TDQVPESV), and G9 2Bn (YLEPGPVTA). Single and double amino acid 
substitutions were made in each of these peptides according to the HLA- 
A*O201 binding motif (26-32) to enhance its binding affinity to class I 
MHC molecule* without significantly altering recognition by TIL. Peptide* 
were synthesized using a koI id-phase method based on fluorenyhneihoxy- 
carbonyl (Frnoc) chemistry on a multiple peptide synthesizer (model AMS 
422; Gilson Co,. Worthington, OH), as previously described (39). Gener- 
ally, purity was >85%, as evaluated by revera^phase HPLC. Candidate 
peptides identified in an initial screening for recognition by TIL and CTL 
induction were further purified (>94%) by reverse-phase HPLC on a 
POROS 10 column (PerSeptive ftosystems, Cambridge. MA) using a 
0.05% trifluoroacetic acid/water-acetonttiKle gradient; the m.w. of each 
peptide was verified by laser desorptlon mass spectrometry (Bio-Synthesis, 
Lewfoville, TJ0. 

The relative binding affinity of each peptide to HLA-A°a20i was eval- 
uated on the basis of the inhibition of binding of a standard radiolabeled 
peptide to purified MHC molecules, as previously described (40). Briefly, 
the test peptide at various concentration* (1 nM to 100 jiM) was coincu- 
batcd with 5 nM of iodinatcd peptide HBc, a _27 (FLPSDYFPSV). soluble 
HLA-A*020l heavy chain, and human ^-microglobulin for 2 days at 
room temperature in the presence of protease inhibitors. The percentage of 



labeled peptide bound to IHLA-A«0201 was determined by gel filtration; 
the concentration of test peptide necessary to inhibit the binding of the 
bdinated peptide by 50% (ID^) was calculated. Peptide binding was de- 
fined as high (IDjo < 50 nM). Intermediate (50 nM < ID M < 500 nM), or 
weak (IDm > 500 nM). 

The relative binding affinity of each modified gplOO peptide compared 
with that of the respective unmodified (parent) peptide was expressed as a 
ratio (R): 

fDjo (parent peptide) 
R = IDjo (modified peptide) 



R > 1 indicated thai the modified peptide bound to HLA-A°0201 with 
greater affinity than the unmodified paptide: R < 1 indicated that the mod- 
ified peptide bound with lower affinity. 



In vitro induction of gplOO-specific, melanoma-reactive CTL 

To compare the immunogenicity of modified gplOO peptides with that of 
the native epitopes, peptide- specific CTL lines were generated as previ- 
ously described (22, 37). Briefly, PBMC were isolated from the peripheral 
blood (butty coats or leukapheresis samples) of HLA-A2" patients with 
metastatic melanoma by ccntrifugaoon on Ficoll-Hypaque gradients. 
HLA-A2 subtypes were determined by sequencing DNA firom six of seven 
patients evaluated (all except patient 2), and all were HLA-A*020l. 

CTL cultures were established initially by plating PBMC from cryo- 
preserved samples in 24- well plates (1.5 X 10* cells/ml: 2 ml/well) in 
complete medium (CM; Iscove's modified DMEM with 25 mM HEPES, 
10% he at» i nacti vated human AB serum, 2 mM L-glut&raine, 50 U/ml pen- 
icillin, and 50 mcg/ml streptomycin; Biofluids; Sigma Chemical Co., St. 
Louis, MO; Pellfreez, Brown Deer, WI) in the presence of I jiM of pep- 
tide, Two days later, 30 lU/ml of rEL-2 (Chiron Co., Emeryville, CA) was 
added to cultures. Lymphocytes were rcstimulated weekly using pepaide- 
pubed autologous PBMC as A PC: 1) responder cells wens harvested, and 
2 to 3 x I0 6 cells wese replated in new 24- well plates (2.5 X 1 0 3 cells/ml; 
2 ml/well) in CM; 2) autologous PBMC were thawed in CM with 30 U/ml 
of DNase (type I; Sigma Chemical Co.) to inhibit cell aggregation, washed 
once, reauspended in CM with 1 f*M of peptide in 15-ml conical tubes 
(1-3 x 10* cells/ml; 6-12 ml/tube), and incubated 3 to 4 h at 37°C; 3) 
these PBMC (stimulators) were irradiated with 3000 rad. washed once, and 
added to res ponder cells at responder to stimulator ratios between 1 :4 and 
1:12; and 4) 1 day later. 30 lU/ml of rtL-2 was added to cultures. 

Bulk T cell cultures were evaluated for recognition of gplOO peptides 
and HLA-A2* melanoma cells ~7 days after restimulation, beginning at 
week 3 (after lwo restimulations). In addition, at each time point, responder 
T cells were cryo pre served for later studies to assess die kinetic develop- 
ment of Ag recognition. Frozen lymphocytes were thawed and cultured 24 
to 48 h in 24-well plates (-If/ eel U/ml; 2 ml/wdl) in CM containing 30 
or 300 lU/ml of rIL-2 before Ag-recognirion studies. 

At week 6 (after five restirnulations), CD3, CD4. and CDS expression 
by peptide-induced CTL was examined by fluore&ccnce-acti vated flow cy- 
tometry on a FACScan (Becton Dickinson. Mountain View. CA), as pre- 
viously described (41). 



Evaluation of Ag recognition by TIL and 
peptide-induced CTL 

5l Cr release cytotoxicity assays and cytokine (TFN-y) release assays were 
performed to evaluate the recognition of gplOO peptides and HLA-A2"*", 
gplOO* melanoma cells (bulk SKmel23. bulk 624 mel. and/or clonal 
624.38 mel) by peptide-induced CTL. as previously reported (10). All 
HLA-A2" 1 ", gplOXT melanoma cell lines were recognized similarly by 
gpiOO-reJictive CTL Briefly, s, Cr-labeied T2 cells were preincubated with 
1 nM of peptide —1 h at 37'C; these cells and M Cr-labeled melanoma ceils 
were then used as targets in cytotoxicity assays (5000 targets/well). Target 
and effector cells were cotneubated for 4 h at 37*C, and the radioactivity in 
cttcultune supemainnts was determined by gamma counting. The percent 
specific lysis of target cells by CTL was calculated, and spontaneous re- 
lease never exceeded 2S% of the maximum. 

In cytokine release assays, 10 5 bulk CTL were coincubated with 10* 
tumor cells or peptide-loaded T2 cells for -20 h at 37X. The concentra- 
tion of human IFN-y in cocuhurc supernatants was then determined using 
either a previously described EL1SA (10) or a commercially available 
EUSA kit (Endogen, Cambridge, MA). 
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Table I. Amino acids used for modification ofgptOO epitopes 









Position from NT Terminus 




I 


2 


Residues primarily 
involved in TCR 
recognition 

3 4-8 


9/10 


Dominant primary 




L 




V 


anchor residues' 




M 






Preferred or acceptable 


F 


1 


F 


I 


residues 


W 




W 


1 




Y 




Y 






A 




A 






M 




M 






L 




S 





•* Identified by sequencing pools of peptides eluted from HLA-A"0201 on 
ceils (26-32). 



Binding affinity of modified gpl 00 peptides to HLA-A*0201 
Previous reports have suggested that peptides from viral proteins 
thai bind with high affinity to class I MHC molecules elicit stron- 
ger CTL immune responses than those that bind with lower affinity 
(23, 24). Therefore, to enhance the immunogeniciry of peptides 
from the melanoma Ag gpl 00, amino acid substitutions were in- 
troduced into three previously identified epitopes (19-21) to en- 
hance binding to HLA-A*0201 without significantly altering rec- 
ognition of the peptide/MHC complex by an appropriate TCR 
(Table I) (26-32)* 

Each of the three common peptides from gpl 00 (G9 l54t G& m , 
and G9 280 ) is nine amino acids in length, and each contains a 
dominant residue at one, but not both, primary HLA-A*0201 -bind- 
ing anchor positions: G9 , 34 and G9 W contain V at P9 but T at P2, 
and G9 280 contains L at P2 but A at P9. Therefore, amino acid 
substitutions were introduced initially into these gplOO epitopes at 
the primary anchor positions containing nondominant amino acids. 
Subsequently, single and double amino acid substitutions were in- 
troduced at the secondary anchor positions, PI and P3, according 
to a previous study (28), alone or in conjunction with modifications 
at the primary anchor positions, P2 and P9. However, no substi- 
tutions were made at P4-P8 because these positions are believed to 
be directly involved in TCR contact with the MHC-peptide 
complex. 

The binding affinity of each peptide to HLA-A*020l was eval- 
uated on the basis of the inhibition of binding of a standard radio- 
labeled peptide, HBc l8 ^ 7 (FLPSDYFPSV), to purified MHC mol- 
ecules (40). The concentration of peptide necessary to inhibit the 
binding of the standard peptide by 50% (ID^) was calculated; 
peptide binding was defined as high (ID*, < 50 nM), intermediate 
(50 nM < IDso < 500 nM). or weak (ID^ > 500 nM). The 
binding affinity of each modified gpl 00 peptide compared with 
that of the respective unmodified peptide was expressed as the 
ratio (R) of ID*) (parent peptkfle) to ID^ (modified peptide): R > 
L indicated that the modified peptide bound to HLA-A*0201 with 
greater affinity than the parent peptide. 

The amino acid substitutions introduced into G9 1S4 were as fol- 
lows: L, M, or I replaced Tat P2 (2L, 2 M 21); W, F. A, or L 
replaced K at PI (1 W, IF, 1Y. 1 A, I L); Y or F replaced W at P3 
(3Y, 3F); and L was substituted at P2 simultaneously with 
modifications ai PI (1W2L, 1F2L, 1Y2L, 1A2L, 1L2L). The native 
09 IM peptide bound to HLA~A*0201 with high affinity (ID 30 « 5.7 
nM). Therefore, substitutions in this peptide at PI and P2 only mod- 
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estry enhanced class I MHC molecule binding (data not shown): the 
modified G9 I54 peptide with the highest HLA-A*0201 -binding affin- 
ity was G9 154 IL2L, with ID^ equal to 1.6 nM. 

Amino acid substitutions introduced into 09 209 and HLA- 
A*0201 -binding affinities of the resulting peptides arc presented in 
Table II. The binding affinity of the natural C9 2u9 peptide was 
within the intermediate range (ID^ - 172 nM), and most of the 
modified peptides bound to HLA-A*0201. with signifi- 

cantly greater affinity than the naturally occurring epitope. 

Modifications of G9 2W) are presented in Table III. The binding 
affinity of this unmodified peptide was also within the intermediate 
range (ID 50 = 455 nM); consequently, amino acid substitutions at 
primary and secondary anchor positions in G9 20 o dramatically en- 
hanced HLA-A+020 1 -binding affinity. 

Recognition of modified peptides by TIL specific for native 
gpl 00 epitopes 

Many modified gplOO peptides bound to HLA-A*0201 with 
greater affinity than the respective parent peptides. However, this 
did not imply that these modified peptides could be recognized by 
TCRs reactive with the natural gp 100 epitopes that are likely to be 
expressed in the content of class I MHC molecules on die surfaces 
of melanoma cells. As an initial evaluation of cross-recognition 
between modified and unmodified peptides, lFN-y secretion by 
TIL specific for the natural gpl 00 epitopes was measured in re- 
sponse to each substituted peptide at a concentration of 1 pM: 
G9 I54 (data not shown), G9 m (Table TO, and G9 2eo (Table lit). 
Similar results were obtained from 5 l Cr release cytotoxicity assays 
(data not shown). Within each group of peptides, several modifi- 
cations resulted in loss of recognition by TIL specific for the nat- 
ural epitope. However, several substituted peptides bound to HLA- 
A°0201 with higher affinity than the respective parent peptide and 
maintained recognition by appropriate TIL: G9 t54 2L, 21, I A, 
1A2L (data not shown); G9 2G9 2L, 2M, 21, IF, 1 Y, I W2L, 1F2L, 
1Y2L (Tabic IT); and G9 2B0 9 V, 9L, 91, IF (Table 111). These 
peptides were selected as candidates to induce melanoma-reactive 
CTL in subsequent studies. 

in vitro induction of melanoma-reactive CTL with modified 
gpl OO peptides 

The ability of candidate peptides described above to induce mel- 
anoma-reactive CTL specific for gpl 00 was evaluated in vitro by 
sensitizing PBL from HLA-A2* patients with metastatic mela- 
noma. In addition, for each series of peptides, a few peptides were 
evaluated that had high binding affinity to HLA-A*0201 but were 
not recognized by TIL, since such modified peptides may also 
induce different T cells capable of recognizing the natural epitopes. 
In a preliminary study, a small panel of peptides was used to in- 
duce CTL from a single patient (patient 1), and a larger group of 
peptides was used to stimulate PBL from two additional patients (pa- 
tients 2 and 3). Based on this initial peptide screening in three patients, 
several candidate peptides (09^ 2M and 1F2L; G9 M „ 9V) were 
selected for CTL induction studies in four additional patients (patients 
4-7) to evaluate the reproducibility of the preliminary findings. 

Mononuclear cells were isolated from peripheral blood and cul- 
tured for 1 wk with 1 pM of peptide and 30 lU/ml of IL-2. Re- 
s ponder lymphocytes were restimulated weekly with peptide- 
pulsed autologous PBMC, as previously described (37). For each 
patient during a particular round of restimulatton, the responder to 
stimulator ratio was constant within a group of peptides to ensure 
that the reactivity of CTL generated with modified peptides could 
be directly compared with that of CTL induced with the parent 
peptide. Within five rounds of restimulation, lymphocytes from all 
seven patients proliferated, although significant variations in 
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Table tl. Initial screening of modified G9 3f)9 peptides for recognition by TIL and CTL induction 







HLA-A-0201 
Binding 
Afinky* 

ID 50 (parent) 


Recognition by 

"01620* 
(1 uM peptide) 




Recognition of C9 309 by 
CTL Induced with Modified Peptides* 
(5 weeks in culture) 




C9,oo Peptide 




IFN-y 


Patient 1 % specific lysis Patient 2 iFN-y* 


Patient 3 IFN-V 


Modification 


Sequence 


ID 50 (mod) 


(pg/mD 


(40:1 E:T) 


(pRAnl) 


(pgAnl) 


Parent 


1TDCVPFSV 


-■ 

1.0 


2672 


6(0)* 


2 


346 


21 


TLDQVPrSV 


52 


2316 


ND 


145 


46 


2M 


IMDQVPFSV 


9.0 


2574 


2(0) 


555 


438 


21 


IIDQVPFSV 


4.3 


2266 


10(0) 


4 


19 


IF 


FTDQVPFSV 


2.8 


2541 


ND 


6 


41 


1W 


WTDQVPFSV 


0.24 


1994 


ND 


0 


0 


tY 


YTDgVPFSV 


2.0 


2382 


ND 


0 


31 


3W 


ITWQVPFSV 


5.0 


113 


ND 


ND 


ND 


3F 


ITFQVPKSV 


2.6 


562 ' 


ND 


ND 


ND 


j » 


in u* rr 3 v 


5.2 


257 


ND 


ND 


ND 


3A 


ITAQVFFSV 


1.8 


120 


ND 


ND 


ND 


3M 


ITMQVPFSV 


43 


2214 


ND 


ND 


ND 


3S 


ITSQVPFSV 


0.27 


1212 


ND 


ND 


ND 


2L3W 


ILWQVFFSV 


102 


329 


ND 


0 


8 


2L3F 


ILFQVPFSV 


66 


243 


ND 


ND 


ND 


2L3Y 


ILYQVPFSV 


35 


120 


ND 


ND 


ND 


2L3A 


ILAQVPFSV 


15 


163 


ND 


ND 


ND 


2L3M 


ILWQVPFSV 


23 


564 


ND 


NO 


ND 


2L3S 


1 ILSQVPFSV 


8.6 


464 


ND 


ND 


ND 


1W2L 


WLDQVPFSV 


15 


2359 


ND 


0 


195 


1F2L 


FLDQVPFSV 


79 


2688 


85(0) 


0 


2 


1Y2L 


YLDQVPFSV 


76 


2445 


ND 


2 


103 



* Peptide binding affinity to HLA-A*0201 was evaluated by measuring dv» concentration of peptide necessary to inhibit the binding of a standard radiolabeled 
peptide by 50% (ID^. The ratio (R) presented here indicates the relative HL*VA*020i binding affinity of the modified peptide (mod) compared to the parent peptide 
(parent): R > t Indicates the modified peptide bound with greater atfinity than the parent peptide. ID M fC9 2Q9 parent) - 172 nM. 

b iFN-y release by TIL in the presence of T2 cells preincu bated with 1 *tM peptide. IFN-y (T2 cells without exogenous peptide) - 454 pg/mJ. 
c Cytotoxicity or tFN-y release by CTL in the presence of T2 cells preJncubated with 1 uAi peptide. 
d IFN-y release by CTL above the background of T2 cells without exogenous peptide. 

• Values in parentheses indicate background % cytolysis of T2 cdls without exogenous peptide. 



growth were observed between cells originating from different pa- 
tients: at week 6. bulk culture expansions ranged from — 50-fold 
(patient 2) to -S X 10 5 -fbtd (patient 7) from the initial number of 
PBMC plated. No significant differences were observed in Lym- 
phocyte expansion with different peptides in a series of peptides 
from a single patient (data not shown). 

Bulk CTL were evaluated for recognition of both modified and 
parent gp 100 peptides and HLA-A2*", gpl00 + melanoma cells ~7 
days after restimuJaaon, beginning at week 3 (after two re stimu- 
lations). In addition, in patients 4-7, the kinetic development of 
Ag recognition by peptide-] nduced CTL was assessed over the 
entire course of the 6-wk sensitization: within a given series of 
peptides, cryopre served CTL samples from a single patient after 
each round of re&timulation were thawed and evaluated simulta- 
neously for recognition of gplOO peptides and HLA-A2 + mela- 
noma cells. For each CTL culture, both 5, Cr release cytotoxicity 
and cytokine (IFN-y) release assays were performed using pep- 
Lide-loadcd T2 cells and tumors as targets or stimulators; data from 
both types of assays were similar. In these experiments, evaluation 
of melanoma recognition by CTL was essential to determine 
whether modified peptides could induce T cells with high affinity 
TCRs capable of recognizing the native epitopes that are likely to 
be expressed at low density on the surfaces of tumor cells. In 
general, greater CTL reactivity was observed in response to T2 
cells pulsed with peptides compared with melanoma cells, both in 
cytolytic and cytokine release a$tay* E This niay have boon primar- 
ily due to low expression of gplOO epitopes on tumor cells or other 
factors, such as lower sensitivity of melanoma cells to lysis by 
CTL and heterogeneity in bulk melanoma cultures. 

The efficiency of melanoma-reactive CTL induction was com- 
pared between modified and unmodified peptides based on the fol- 



lowing: 1) overall levels of specific cytotoxicity and IFN-y release 
by CTL in response to peptide-loaded T2 cells and HLA-A2*\ 
gplOO* melanoma cells; and 2) number of restsmulations (time) 
required for specific Ag recognition. 

G9 1S j peptides 

In an initial screening of CTL induction with modified G9 J54 pep- 
tides, the following candidate peptides were chosen based on high 
binding affinity to HLA-A*0201 and/or recognition by G9 ^-re- 
active TIL: G9 I54 2L, 2M, 21. IF, 1A, 3Y, IA2L, 1L2L. and 1F2L. 
As evaluated by cytotoxicity and cytokine release by bulk CTL 
from three patients after four rounds of rcstimulation in the pres- 
ence of peptide-loaded T2 cells, no modified G9 I54 peptide con- 
sistently induced G9 l54 -reactive CTL more efficiently than the par- 
em peptide (data not shown). In addition, because the parent G9 l54 
peptide bound to HLA-A*0201 with high affinity (ID^ = 5.7 nM) 
and modified G9 154 peptides only demonstrated a I- to 3.6-fold 
increase in HLA-A*0201 -binding affinity, this gplOO epitope was 
not pursued further. 

C9 2Q9 peptides 

In contrast to G9 154 peptides, results from initial CTL induction 
studies in three patients with modified G?20» peptides demon- 
strated that CTL reactive against the native gplOO epitope could be 
induced more efficiently with several substituted peptides than 
with the natural peptide itself (Table II). In patient 1, within four 
restimulations, CTL specific for G9 IO¥ were induced with G9 209 
1F2L, but not with the parent peptide: in patient 2, only G9 ao9 
efficiently induced CTL that recognized the natural epitope; and in 
patient 3, both the unmodified peptide and G9 Z09 2M efficiently 
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Table HI. Initial screening of modified €9^ peptides for recognition by TIL and CTL induction 



C9 aeo Peptide 
Modification 



Parent 

9V 

9L 

91 

1F 

1W 

3Y 

3W 

3F 

3M 

3S 

3A 

3M9V 

3S9V 

3A9V 

3Y9V 

3F9V 

3W9V 



Sequence 



YLEPGPVTA 
YXEPGFVTV 
YLEPGPVTL 
YLEPCPVTI 
FLEPGPVTA 
WLEPGPVTA 
YLYPGPVTA 
YT.WPGPVTA 
YLFPGPVTA 
YLMPGPVTA 
YLSPGPVTA 
YLAPGPVTA 
YLMPGPVTV 
YLSPGPVTV 
YLAPGPVTV 
VLYPGPVTV 
YLFPGPVTV 
YLWPGPVTV 



HlA-A*0201 
Binding 
Affinity* 

IDso<parent) 

ID^mod) 



1.0 

10 
5.2 
7.0 
3.6 
0.55 

27 
141 
141 
105 

11 

49 

39 

20 

30 

51 

79 

61 



Recognition by 

T1L1143* 
(1 pM peptide) 

(pg/ml) 



Recognition of G9 IM fay 
CTL Sensitized with Modified Peptides' 7 
(5 w in culture) 



Patient 1 % specific lysis 
(40;1 E:T> 



Patient 2 IFN-y" 
<pg/rnD 



Patient 3 IFNV 
(pfl/ml) 



641 
S99 
487 
610 
286 
275 
59 
160 
192 
262 
104 
120 
46 
89 
25 
27 
48 
250 



11 (3)' 
87(0) 

ND 

ND 

NO 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 



0 
210 
16 
61 

0 

0 
ND 

0 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 



47 
654 
156 
185 
156 

19 
ND 
5 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 



■> peptide binding affinity to HLA-A*0201 was evaluated by measuring the concentration of peptide necessary to Inhibit the binding of a standard radiolabeled 
peptide by 50% <ID 3U ), The ratio (R) presented here indicates the relative HLA-A*Q201 binding afinity of the modified peptide (mod) compared to the parent peptide 
(parent): R > 1 indicates the modified peptide bound with greater afinity than the parent peptide. IDjo (G9 2B0 parent) - 455 nM. 

t> tFN-y release by TIL in the presence of T2 celts preinoibated with 1 pM peptide. IFN-y fJ2 cells without exogenous peptide) <= 89 pg/ml. 

c Cytotoxicity or IFN-y release by CTL in the presence of T2 cells peetneu bated with 1 pM peptide, 

d IFN-y release by CTL above the background of T2 cells without exogenous peptide. 

* Values in parentheses indicate background percentage of cytolysis of T2 cells without exogenous peptide. 



FIGURE 1 . Kinetic development of Ag rec- 
ognition in CTL from patient 6 induced with 
G9209 peptides. CTL were induced by weekly 
stimulation with autologous PBMC pulsed 
with modified 09^ peptides. Each week be- 
ginning at week 2, recognition of modified and 
natural peptides and of HLA-A2* melanoma 
cells by CTL was evaluated using peptide- 
loaded T2 cells and SKmeJ23 cells as targets in 
s 'Cr release cytotoxicity assays 20:1 E:T. 
Graphs present the following information: 
peptide (a) and melanoma (b) recognition by 
CTL induced with 09^ parent; peptide (c) 
and melanoma (d) recognition by CTL in- 
duced whh G9 209 2M; and peptide (e) and 
melanoma ( f) recognition by CTL induced 
with G92a> 1F2L. In a, c, and e, T2 alone (O) 
indicates lysis of T2 cells without exogenous 
peptide, and C9^o (D> indicates lysis of T2 
cells pulsed with G9 20O parent as negative 
controls- In c, 09^ modified (M indicates ly- 
sis of T2 cells pulsed with G9 2(W 2 M; and in e, 
C9309 modified (M indicates lysis of T-2 cells 
pulsed with 09^ 1F2L. (n b, d, and f, (O) 
indicates lysis of 397 mel HLA-A2" as a neg- 
ative control. 
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induced G9 209 -rcactive CTL- 3l Cr release cytotoxicity assays per- 
formed with pcptick-lnduced CTL from patients 2 and 3 showed 
similar trends of peptide recognition as those seen in cytokine 
release assays (data not shown). Based on these results, Gd^* 2M 
and G9 2 o9 1F2L were selected for further evaluation in patients 4 
through 7. 

One example of the recognition of G9 209 peptides and HLA* 
A2 + melanoma cells by CTL induced with modified pep- 
tides is presented in Figure 1. These data are shown as CTL re- 



activities in bulk T cell cultures, and therefore, may not reflect 
specific activity per CD8+ cell. Within five rounds of resrimulation 
(6 wk in culture), it was not possible to induce pe>pdde>spect fie. 
melanoma-reactive CTL from patient 6 using the unmodified 
Q9 W peptide (Fig. 1, a and b). However, after two restimulations, 
CTL from this patient induced with G9 m 2M (Fig. 1c) and G9 m 
1F2L (Fig. le) were clearly specific for both the modified peptide 
with which they were generated and the unmodified peptide. 
Go**. Furthermore, after four restimulations, these CTL were 
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FIGURE 2. Melanoma and peptide recognition 
by CTL induced with C9 209 peptides. CTL were 
induced by weekly stimulation with autologous 
PBMC pulsed with modified C9 2W peptides. Each 
week, recognition of modified and natural peptides 
and of HLA-A2* melanoma cells by CTL was eval- 
uated using peptide-loaded T2 ceils and either 
624.38 mel or SKmel23 cells, which behave sim- 
ilarly, as targets in 5T Cr release cytotoxicity assays 
20:1 E:T. The data shown indicates target lysis at 
the earliest lime point at which specific melanoma 
reactivity was observed by CTL from each patient. 
No data is presented for patient 4 because no md- 
anoma-reacuVe CTL were induced from this pa- 
tient with any of the G9 209 peptides. In a, T2 alone 
indicates lysis of T2 cells without exogenous pep- 
tide as a negative control; G9 W modified indi- 
cates lysis of T2 cells pulsed with the peptide 
used to stimulate those T cells, i.e., G9 ao9 2M for 
CTL induced with G9 209 2M, and 1 F2L for 

CTL induced with G9 W) 1F2L. In b, A2~ mel 
indicates lysis of either 624.28 mel or 397 mel 
HLA-A2", which behave similarly, as a negative 
control. PA represents CTL induced with G9 209 
parent; 2M represents CTL induced with G9 2r x» 
2M; and 1F2L represents CTL induced with 
G92W1F2L 




□ TSdono 

□ G8209 parent 
f^l modified 



□ A2+mal 



highly reactive against an HLA-A2* melanoma eel) line 
(SKmel23), but not against an HLA-A2" melanoma line (397 mel) 
(Fig. 1, d and /), It is currently unclear why CTL reactivity, par- 
ticularly to melanoma cells, occasionally decreased after multiple 
peptide stimulations (e.g.* Fig. 1, c. d, and f% however, it may 
simply reflect a need to optimize the in vitro culture protocol. 

Cumulative results from CTL induction studies in all seven pa- 
tients with G9 109 peptides are presented in Figure 2. From all 
patients, except patient 4, CTL could be induced that recognized 
both the natural C9 209 peptide and HLA-A2*, gplCO* melanoma 
cells. Within five rounds of restimulation with the parent G9 M 
peptide, melanoma-reactive CTL were induced from only two of 
seven patients evaluated: patients 3 and 7 after rive ^stimulations. 
However, tumor-specific CTL were generated in four patients (pa- 
tients X 3, 6, and 7) with G9 2Q9 2M and three patients (patients 1, 

5. and 6) with 09^ 1F2L (Fig. 2). In addition in patient 7. from 
whom melanoma-reactive CTL were induced with both G9 209 par- 
ent and 09 m 2M, specific rumor reactivity was apparent after two 
restimulations with the modified peptide (Fig. 2) compared with 
five restimulations required for the natural peptide (data not 
shown). 

In patient 1 with Cft** 2M and in patient 7 with 1F2L, 
CTL were induced that predominantly recognized the modified 
peptide used for sensitization (Fig. 2). This suggested that some 
bulk CTL cultures induced with modified G9 2Q9 peptides may have 
contained populations of T cells not crossre active between the 
modified and parent peptides. However, in all but these two cases, 
when peptide-specific CTL were induced with modified & w 
"peptides, CTL were crossre active since melanoma reactivity was 
also observed (Fig. 2). 

After five rounds of restimuladon, CD3, CD4, and CDS expres- 
sion on CTL from patients 4 through 7 induced with 09 w pep- 
tides was examined by fluorescence-activated flow cytometry. In 
all cases, >99% of viable cells were CD3* T cells. In patients 5, 

6, and 7, from whom riptide-specific CTL were induced with at 
least one Q9 m peptide, the percentages of CDS* cells and cor- 
responding reactivities after five restimulations were as follows; I) 



T cells from patient 5 stimulated with G9209 parent (45% CDS*) 
or G9 209 2M (94% CDS*) dernoinstrated no reactivity, whole those 
sensitized with 09^ 1F2L (74% CDS*) recognized bom peptide 
and melanoma (Fig. 2); 2) T cells ffroirai patient 6 stimulated with 
G9-2Q9 parent (45% CDS*) were nonreactive, while those induced 
with C9„ 2M (83% CDS*) or 09^ 1F2L (65% CDS*) recog- 
nized both peptide and melanoma (Fig. 1); and 3) T cells from 
patient 7 sensitized with G9 m parent (69% CDS*) or 09209 2M 
(69% CDS*) were peptide and melanoma reactive, but chose stim- 
ulated with G9 209 1F2L (23% CDS*) were not (data not shown). 
Therefore, in these three patient* it is unlikely mat differences in 
recognition of 09^ and melanoma between bulk CTL induced 
with different G9 209 peptides were solely doe to differences in the 
percentages of CDS* cells. In addition, bulk T cell expansions did 
not vary significantly between modified and parent peptides, so 
that more melanoma-reactive CTL were induced in cultures sen- 
sitized with G9 309 2M or G9 2ffi , IF2L compared with the natural 
epitope. 

The mechanisms responsible for differences in the abilities of 
(^209 and G9 209 1F2L to induce melanoma-reactive CTL 
from different patients are not clean however, such differences 
may reflect diversity in the functional T cell repertoires of these 
patients or other factors not yet completely understood. 

C9 2eo peptides 

Initial CTL induction studies in three patients with modified G9 2 go 
peptides clearly demonstrated that CTL reactive against the native 
gplCO epitope were induced most efficiently in all three patients 
with the modified peptide G9 28t> 9V (Table HI). 51 Cr release cy- 
totoxicity assays performed with pep tide-induced CTL from pa- 
tients 2 and 3 showed simiflair trends of peptide recognition as those 
seen in cytokine release assays (data not shown). Based on these 
results, G9 20O 9V was further evaluated using PBL from patients 4 
through 7. 

One example of the recognition of O9 2S0 peptides and HLA- 
A2 + melanoma cells by CTL induced with G9zeo ^ v » presented 
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FIGURE 3. Kinetic development of Ag recognition in CTL from pa- 
tient 7 induced with C9 2w> peptides. CTL were induced by weekly 
stimulation with autologous PBMC pulsed with modified G9 2B o Pep- 
tides. Each week beginning at week 2, recognition of modified and 
natural peptides and of HLA-A2 *" melanoma ceils by CTL was evalu- 
ated using peptide-loaded T2 cells and SKmei23 cells as targets in 51 Cr 
release cytotoxicity assays 20:1 E:T. Graphs present the following in* 
formation: peptide (a) and melanoma ib) recognition by CTL induced 
with G9 2ao parent; peptide f c) and melanoma (d) recognition by CTL 
induced with C9 2BQ 9V. In a and c f T2 alone (O) indicates lysis ot T2 
celts without exogenous peptide, and G9 209 (□) indicates lysis of T2 
cells pulsed with G9 a0 9 parent as negative controls. In c, G9 280 mod- 
ified O indicates lysis of T2 cells pulsed with G9 2ao 9V. In band 6, 
(O) indicates lysis of 397 mel HLAV\2~ as a negative control. 



in Figure 3. From patient 7, u was possible to induce peptide- 
specific, melanoma-reactive CTL with the unmodified G9 280 pep- 
tide (Fig. 3, a and b)\ however, specific peptide recognition and 
HLA-A2* melanoma reactivity were not observed before four 
rounds of restimulatioo. On the other hand, CTL induced with 
G^ao 9V specifically recognized both G9 280 -loaded T2 cells and 
HLA-A2 + melanoma cells after two restirnulations, 2 wk before 
specific reactivity was observed by CTL induced with the parent 
peptide (Fig. 3, c and d). 

Cumulative results from CTL induction studies in all seven pa- 
tients with G9 280 peptides are presented in Figure 4. From all 
patients except patient 5, CTL could be induced that recognized 
both the natural G9 M0 peptide and HLA-A2+, gplCO + melanoma 
.cells. Within five rounds of re stimulation with the unmodified 
G9 2W) peptide, melanoma-reactive CTL were induced from only 
one of seven patients evaluated (patient 7 after four jrestiraula- 
tions). However, tumor-specific CTL were generated from six of 
seven patients (all except patient S) with G9 2SO 9V (Fig. 4). 

After five rounds of restimulatioo, CD3, CD4, and CDS expres- 
sion on CTL from patients 4 through 7 induced with 09^ pep- 
tides was examined by fluorescence-activated Mow cytometry. In 
all cases, >99% of viable cells were CD3 + T cells. In patients 4. 
6, and 7, from whom peptide-specific CTL were induced with 
G9 280 °V, the percentages of CDS* cells and corresponding re- 
activities after five restimulations were as follows: 1) T cells from 
patient 4 stimulated with G9 7(to parent (14% CDS*") were nonre- 
tsetive, while those induced with G9&0 9V {&>% CM + ) recog- 
nized both peptide and melanoma (Fig. 4); a) T cells from patient 
6 stimulated with G9 2SO parent (71% CD8 + ) were also nonreac- 
live, while those induced with G9 2ao 9V (93% CD8 + ) recognized 
peptide and melanoma (Fig. 4); and 3) T cells from patient 7 stim- 
ulated with G9&0 parent (14% CDS"*") reacted weakly with pep- 
tide, while those induced with G9 2so °V (38% CDS were more 
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clearly peptide specific (Fig. 3). Therefore, in patients 4 and 7, me 
increased numbers of CDS* T cells in CTL induced with G9 iao 9V 
may have been related to the enhanced melanoma reactivities of 
these bulk cultures. However, in patient 6, it is unlikely that dif- 
ferences in CDS expression could solely account for the observed 
difference in melanoma reactivity between bulk CTL induced with 
G9 2ao 9V and those stimulated with the unmodified peptide. 
Therefore, G9 280 9V consistently enhanced the induction of mel- 
anoma-reactive CTL in either CDS* T cell subsets or bulk T cell 
cultures moire efficiently than the natural peptide, in addition, bulk 
T cell expansions did not vary significantly between the modified 
and parent peptides, so that more melanoma-reactive CTL were 
induced in cultures sensitized with G9 2SO 9V compared with the 
natural epitope. 

BflSCUSSDOOT 

Three common epitopes from the melanoma Ag gplOO have been 
identified that are recognized by HLA-A2-restricted TIL derived 
from different patients with metastatic melanoma (19-21): G9 1Sd 
(KTWGQYWQV), 09^ (ITBQVPFSV), and G9 2SO (YLEPGFV 
TA). Furthermore, recognition of these epitopes by T cells in vitro 
has been correlated with in vivo tumor regression after adoptive 
transfer of TIL, suggesting that gplOO may be a potent tumor re- 
jection Ag (19). In a previous study, CTL responses to gplOO 
epitopes were evaluated in vitro by using these peptides to sensi- 
tize T cells from PBL of HLA-A2*** melanoma patients (22). With 
a given gplOO peptide, melanoma-reactive CTL could only be in- 
duced in a limited number of patients, and numerous rounds of 
restimulation were required. This finding prompted the current in- 
vestigation aimed at enhancing the immunogenicity of gplOO 
peptides. 

Upon immunization with a foreign protein, T cell responses are 
generally induced against a limited number of epitopes (dominant 
determinants). This may result because only a few peptides from a 
given protein are expressed at high Levels in the context of MHC 
molecules on the surfaces of infected cells (42. 43). One major 
factor influencing peptide expression on the APC surface is the 
binding affinity of the peptide to MHC molecules; and some stud- 
ies have suggested that immunodominance of foreign peptides in 
CTL responses is correlated with high peptxde-binding affinity to 
appropriate MHC restriction elements (25). In fact, most previ- 
ously identified epitopes from viral Ags recognized in the context 
of HLA-A*020T bound to this MHC molecule with high affinity 
and contained dominant amino acids at primary MHC -binding an- 
chor positions (L or M at JP2. and V or L at P9). 

In contrast to foreign peptides, when self peptides are expressed 
at high density on a cell surface due to high MHC-bmding affinity 
and/or effective Ag processing, tolerance seems to be induced, and 
reactive T cells are eliminated or inactivated (42-47). Therefore, 
sejf peptides that bind to MHC molecules with high affinity may be 
less likely to be immunogenic than foreign peptides with high 
binding affinity. In fact, immunodominant epitopes in CTL re- 
sponses to self proteins may frequently be subdominant or cryptic, 
rather than dominant, determinants (44-47). This may explain the 
observation that many epitopes from melanoma Ags that are non- 
mutated self proteins, such as gplOO and MART-1 . have relatively 
low binding affinities to HLA-A2 (46, 47). 

A correlation hoa boon doroonstroted previously between immu- 
nogenicity of peptides and class I MHC-binding affinity (23, 24). 
This suggests that induction of melanoma-reactive CTL using 
gplOO peptides may be inefficient due to the relatively low binding 
affinities of these peptides to HLA-A*0201 . However, recognition 
of these epitopes by TIL in vitro correlated with tumor regression 
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FIGURE 4. Melanoma and peptide recogni- 
tion by CTL induced with G9 2EO peptides. CTL 
were induced by weekly stimulation with autol- 
ogous PBMC pulsed with modified G9 280 pep- 
tides. Each week, recognition of modified and 
natural peptides and of HLA-A2 T melanoma 
cells by CTL was evaluated using peptide- 
loaded T2 cells and either 624.38 met or 
SKmel23 cells, which behave similarly, as tar- 
gets in 51 Cr release cytotoxicity assays 20:1 E:T. 
The data shown indicates target lysis at the ear- 
liest time point at which specific melanoma re- 
activity was observed by CTL from each patient 
No data is presented for patient 5 because no 
melanoma -reactive CTL were induced from this 
patient with any of the G9 aao peptides. In a, T2 
alone indicates lysis of T2 cells without exoge- 
nous peptide as a negative control; G9 260 mod- 
ified indicates lysis of T2 cells pulsed with G9 3ao 
9 V. In b, A2~ me I indicates lysis of 624.28 mel 
or 397 mel, which behave similarly, as a nega- 
tive control. PA represents CTL induced with 
C9 2a0 parent; and 9V represents CTL induced 
with C9 2ao 9v\ 
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in vivo (19). Therefore, protocols for inducing CTL responses to 
epitopes with low class I MHC-binding affinity may enable the 
development of effective melanoma therapies based on tumor Ags 
that are nonmutated self proteins. Such peptides are usually ex- 
pressed at low density on the surfaces of A PC and, therefore, are 
likely not to be presented efficiently to potentially reactive T cell 
precursors; i-e., peptides with low class I MHC-binding affinities 
may not be potent immunogens. The present investigation suggests 
a method by which the expression efficiency of such peptides may 
be enhanced: peptides can be modified in such a way as to increase 
.their binding affinities to MHC molecules without significantly al- 
tering TCR recognition of the peptidc/MHC complex. 

In this study, single and double amino acid substitutions were 
introduced into the three common epitopes of gplOO (G9 154 , 
G9 209 , and G9 180 ) according to the HLA-A^TOOl binding motif 
(Table I) (26-32). As an additional constraint, modifications were 
only made at positions not directly involved with TCR binding so 
that the resulting peptide would maintain recognition by TIL spe- 
cific for the native epitope. As anticipated, many of the modified 
peptides bound with much greater affinity to HLA-A°0201 than 
the parent peptides (Tables If and III). However, many substitu- 
tions resulted in loss of recognition by gplCO-reactive TIL, prob- 
ably because conformational changes destroyed the TCR binding 
structure of the peptide/MHC complex. 

Several modified gplCO peptides were identified that bound with 
high affinity to HLA-A*020l and were recognized by gplCO-re- 
active TIL. The ability of these peptides to induce melanoma-re- 
active CTL was then evaluated in vitro by stimulating PBL from 
HLA-A2+ melanoma patients with peptice-pulsed autologous 
PBMC. Comparisons of induction efficiency between modified and 
natural epitopes were based on flic potency of melanoma reactivity 
and the time required for the development of specific Ag 
recognition. 

After five weekly restimulations with modified G9 iSC peptides, 
it was not clear that any substituted peptide could consistently 
induce gplOO-reactlve CTL more efficiently than the parent pep- 
tide. Based on the observation that native G9 l34 binds to HLA- 
A°t)201 with high affinity, amino acid substitutions resulting in 
small increases in binding affinity may not be able to augment CTL 
induction efficiency. Alternatively, significant T cell tolerance may 



be induced to this peptide in some patients, making it difficult to 
elicit G9 154 -reactive CTL, even under ideal conditions. 

In contrast to G9 154 , G9 2C9 binds to HLA-A*020I with rela- 
tively low affinity (intermediate); and melanoma-reactive CTL 
were induced more efficiently with substituted peptides based on 
this epitope than with the natural peptide (Fig. 2). Within five 
rounds of restimulation with G9 209 parent, melanoma-re active 
CTL were induced from only two of seven patients evaluated. 
However, tumor-specific CTL wese generated in four patients with 
G92o» 2M, and three patients with 09m 1F2L. In addition, in one 
patient from whom melanoma-reactive CTL were induced with the 
natural 09^09 peptide, specific tumor reactivity was apparent after 
fewer restimulations using the modified peptide, G9 2C9 2M. Dif- 
ferences in the CTL induction capacity between 09^ 2M and 
G9209 1F2L among patients may reflect differences in their func- 
tional T cell repertoires. 

tike G9 m , G9380 binds to HLA-A*020t with relatively low 
affinity, and melanoma-reactive CTL were induced consistently 
with a modified version of this peptide (G 0 ^ 9V) more efficiently 
than with the natural peptide. Within five rounds of restimulation 
with (Kjeo parent, melanoma-reactive CTL were induced from 
only one of seven patients evaluated; however, tumor-specific CTL 
were generated in six of seven patients with G9 2ao 9V. Further- 
more, in one patient, from whom melanoma-reactive CTL were 
induced with the unmodified 09^ peptide, specific tumor reac- 
tivity was apparent after fewer restimulations with G9 3SO 9V. In 
some patients (e.g., 4 and 7), significantly more CDS* T cells were 
present in bulk CTL cultures induced with 09^ 9V compared 
with the unmodified peptide; such increases in the numbers of 
CDS' 1 ' T cells may have been related to the increases in melanoma- 
reactive CTL in these cultures. However, in at least one patient 
(i.e., patient 6), both 09^ and 09^ 9V induced bulk CTL cul- 
tures containing many CDS* T cells (i.e., >70%), and yet, mel- 
anoma-reactive CTL were present only in cultures stimulated with 
the modified peptide. 

Similar modifications were also introduced into the immuno- 
dominant epitope from the HLA-A2-restricted melanoma Ag. 
MART-1 (M9 27 ). to enhance class I MHC-binding affinity (data 
not shown). A few modified M9 27 peptides bound with high af- 
finity to HLA-A°0201 and were recognized by MART- 1 -specific 
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TIL. However, when these peptides were used to sensitize T cells 
from HLA-A2^ melanoma patients, none of the modified peptides 
consistently induced melanoma-reactive CTL more efficiently than 
the parent peptide. This may have resulted simply because these 
modified peptides were extremely insoluble in aqueous solution. 
Alternatively, because native M9& is highly immunogenic in vitro 
(37), it may not be possible to observe differences in CTL induc- 
tion efficiency using these technique*. 

In previous investigations, amino acid substitutions have been 
introduced into foreign peptides from viral Ags to enhance immu- 
nogentcity (33, 34). For example, in a murine model system, a 
natural peptide from the human papilloma virus protein £6 could 
not induce pepride-specific CTL; however, when a single amino 
acid substitution was made according to the H2-K b binding motif, 
CTL were induced that recognized both the natural peptide and 
cells expressing the native E6 protein (33). A similar phenomena 
was observed using modified peptides based on the HLA-A2-re- 
stricted epitope from H1V-1 reverse transcriptase to sensitize lym- 
phocytes from HIV*, HLA-A2* patients in vitro (34). In the cur- 
rent study, amino acid substitutions in peptides from gplCO 
enhanced the capacity of these peptides to induce melanoma-re- 
active CTL. These results demonstrate that this approach may be 
useful to improve the immunogenficity of self peptides from human 
.tumor Ags for immunotherapy. In fact, clinical protocols, in which 
patients with metastatic melanoma are being immunized with 
G9209 2M and G9 2W) 9V in IFA, are in progress in the Surgery 
Branch at the National Cancer Institute (Bethesda, MD). 

Other approaches for inducing CTL responses to epitopes ex- 
pressed at low density on the surfaces of cells are currently being 
investigated. For example, recombinant viruses containing tumor 
Ag genes may allow for high levels of peptide expression resulting 
from intracellular production of Large amounts of proteins (48, 49). 
Alternatively, epitopes may be attached covalently to MHC mol- 
ecules on the surface of APC (50), allowing for long-term, high 
level expression of peptides that bind to MHC molecules with low 
affinity or are not processed efficiently (X. Kang, manuscript in 
preparation). 

Most melanoma-reactive TTL recognize cultured melanocytes as 
well as melanoma cells in vitro. In addition, in a previous study, a 
significant correlation was observed between permanent depig- 
mentation of the skin, suggesting destruction of melanocytes, and 
tumor regression in melanoma patients receiving IL-2-based im- 
munotherapy (S. A. Rosenberg, manuscript submitted). These ob- 
servations suggest that autoreactive T cells against nonmutared self 
epitopes may be involved in tumor regression in vivo in some 
instances. Therefore, one potential limitation to the use of modified 
gplOO peptides in the treatment of patients with melanoma may be 
the more frequent development of autoimmune disorders: although 
modified imraunogens may mediate tumor regression more effec- 
tively, they may also induce strong reactivities against 
melanocytes. 

The results presented in this work demonstrate that peptides 
modified at MHC-binding anchor positions can efficiently induce T 
cells specific for immunodominant epitopes from the melanoma 
Ag gplOO, which may be cryptic self determinants. These tech- 
niques may be useful for studying immunologic phenomena sucb 
as molecular mimicry of viral and bacteria] peptides in the initia- 
tion of T cell responses tn autoimmune dbetisaa (42. 43), These 
results also suggest means for improving current strategies in im- 
munotherapy for patients with melanoma. For example, modified 
gplOO peptides could be used for active immunization or to induce 
melanoma-reactive CTL in vitro for adoptive transfer into patients. 
Alternatively, point mutations at MHC-binding anchor positions in 
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epitopes from rumor Ags could be introduced into genes encoding 
these proceins for use in gene therapy protocols. 
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